Winder et al., 1999) and spatial learning (Selcher et al., 1999). Thus, even though it is clear that cAMP and p42/ 44MAPK are required for plasticity and memory storage, the specific pathways coupling cAMP and other second messengers to p42/44MAPK are not well known. To explore the role of Rap1 in the brain, we generated LTP (English and
ory storage. These data indicate that Rap1 regulates 1D). These data confirm the inducible expression of the iRap1 mutation. hippocampus memory storage by gating some forms of cAMP-dependent plasticity through the regulation of a restricted pool of membrane-associated p42/44 MAPK.
Interfering with Rap1 Modulates the Activities of B-Raf and Raf-1 and Inhibits Membrane-Associated p42/44MAPK Results
Rap1 regulates p42/44MAPK by activating B-Raf and inhibiting Raf-1. To test the effect of iRap1 on these Generation of Transgenic Mice Expressing a Temporally Controlled Dominant-Negative kinases, we measured the activities of Raf-1 and B-Raf in the hippocampal extracts following immunoprecipitaRap1 in the Forebrain To create a dominant interfering mutant of Rap1 (iRap1), tion by using a cascade kinase assay. The activity of B-Raf was reduced 27.4% Ϯ 6.3% (p ϭ 0.012, n ϭ 5), we cloned mouse Rap1B cDNA and replaced a codon for serine at position 17 with one for asparagine. The whereas the activity of Raf1 was increased 87% Ϯ 3.5% (p ϭ 0.0016, n ϭ 3). Feeding mice with doxycycline pMM400iRap1 construct ( Figure 1A and Experimental Procedures) was used to generate transgenic mice resulted in reversal of the changes in activity of the Raf kinases, indicating that this activity was modulated by where the iRap1 cDNA transcription was driven by the tet-O promoter activated by heterologously expressed the expression of the transgene rather than as a result of a developmental defect (Figure 2A ). tTA. The iRap1 founder lines were bred to a forebrainspecific tTA line and its expression was driven by the Since Raf-1 and B-Raf are also regulated by Ras, iRap1 could reduce the activity of Ras by competing for CaMKII␣ promoter (Mayford et al., 1996) . Using Northern hybridization, we tested the expression of Rap1B in the the GDP/GTP-exchange factors shared between Ras and Rap1. To assess this possibility, we determined the hippocampus of animals containing both transgenes (iRap1 and tTA). We then selected the line with the highamount of active (GTP bound) Ras by precipitating it with the immobilized Ras binding domain of Raf-1 folest level of Rap1B mRNA. In this line, increased Rap1B mRNA was evident in the entire forebrain, and this exlowed by immunoblotting. We found that the amount of GTP bound Ras was not reduced in the presence of pression was suppressed by feeding animals with doxycycline ( Figure 1B ). In the hippocampus, 5 days of doxyiRap1 ( Figure 2B ). This result indicates that we are affecting the Rap1 pathway selectively and that changes cycline diet reduced the amount of Rap1B mRNA to the endogenous level ( Figure 1C To determine whether Rap1 is required for more physiologiwere no differences in the size of the fEPSP or PSFV at this stimulus intensity ( Figure 3C) . Moreover, the size of cal forms of LTP, we stimulated slices with a theta frequency protocol (5 Hz for 30 s). In the wild-type group, the PSFV in wild-type and iRap1 groups was similar over a range of stimulus intensities (Figures 3D), indicating this protocol induced a robust long-lasting LTP, whereas in slices expressing iRap1, LTP was reduced ( Figure 4A ; that the number of stimulated fibers was not altered by iRap1. first 10 min: wt, 165% Ϯ 12%, iRap1, 143% Ϯ 10%; at 3 hr: wt, 178% Ϯ 8%, iRap1, 130% Ϯ 10%, p Ͻ 0.002). Because iRap1 is expressed in both CA1 and CA3 pyramidal cells of the hippocampus, we evaluated preThe LTP deficit was reversed after the expression of iRap1 was blocked by feeding animals with doxycycline synaptic function by measuring pair-pulse facilitation (PPF), which is a short-term enhancement of synaptic ( Figure 4B ), confirming that iRap1 does not cause permanent changes in the neurons. These data show that efficacy in response to a closely spaced second stimulus that is associated with the probability of neurotransRap1 is required for theta frequency-induced LTP; more- over, the appearance of the deficits immediately after wt/UO126, 136% Ϯ 6%, p Ͻ 0.002). These deficits were similar to those observed in iRap1 mutants, which were tetanization indicates that Rap1 participates in early induction events.
not further affected by pretreatment with UO126 during the early phase of LTP ( Figure 4D ; iRap1/ACSF, 143% Ϯ Since theta frequency-induced LTP depends on p42/ 44MAPK (Winder et al., 1999), we examined to what 10%; iRap1/UO126, 137% Ϯ 7%, p ϭ 0.602). In contrast to the partial effect on early LTP, U0126 reduced the extent the LTP impairments resulted from the Rap1-mediated deregulation of p42/44MAPK. To this end, we late potentiation to baseline levels in both mutant and control slices ( Figures 4C and 4D ), indicating that the compared the effect of iRap1 with that of p42/44MAPK inhibition by using the permeable MAPK kinase (MEK1) late phase of LTP also requires Rap1-independent p42/ 44MAPK ( Figure 4C ; wt/ACSF, 167% Ϯ 7%; wt/UO126, inhibitor U0126 (Favata et al., 1998). Wild-type slices pretreated with UO126 displayed reduced LTP shortly 100% Ϯ 3%, p Ͻ 0.0006; Figure 4D ; iRap1/ACSF, 131% Ϯ 8%; iRap1/UO126, 102% Ϯ 4%, p Ͻ 0.05). after tetanization ( Figure 4C ; wt/ACSF, 177% Ϯ 11%; These data show that Rap1 regulates a pool of p42/ of highly synchronous excitation. As a result, complex spiking may be a powerful regulator of signal processing 44MAPK required for the induction of theta frequencyinduced LTP. In contrast, the maintenance of LTP, which through the amplification of temporally correlated information (Golding et al., 1999). In agreement with this, it also requires p42/44MAPK, depends only partially on Rap1.
has been shown that a single burst can induce LTP when it is generated at the peak of the theta oscillation To reduce the number of potential signaling pathways activating p42/44MAPK in a Rap1-independent manner, (Lisman ., 2000) . A memory, we tested mice in a probe trial during which the platform was removed from the pool and the mice 15 min time delay after the tetanization was selected because we previously identified a peak in p42/44MAPK were allowed to search for 60 s (1 hr after the completion of the last trial). The time spent in each quadrant meaphosphorylation at this time point (data not shown). We found that in slices from mutants, the initial amount of sures the spatial bias of an animal's search pattern (Schenk and Morris, 1985) . The mutants spent signifip42/44MAPK-mediated phosphorylation of the channel was reduced and there was no increase after tetanizacantly less time than wild-type controls in the target quadrant ( Figure 7B ; wt, 40.8% Ϯ 3%; iRap1, 32.2% Ϯ tion ( Figure 6C ). These data indicate that Kv4.2 is a specific substrate of the Rap1-dependent pool of p42/ 2.5%, p Ͻ 0.05) and crossed the exact site where the platform was located during training fewer times than 44MAPK and phosphorylation of the A channel is the wild-type controls ( Figure 7C ; wt, 5.1 Ϯ 0.5; iRap1, 2.7 Ϯ atomical substrates: contextual conditioning is sensitive to lesions of both the hippocampus and the amygdala, 0.4, p Ͻ 0.001).
To examine the possibility that the spatial learning whereas cued conditioning is disrupted by lesions of the amygdala alone (Phillips and LeDoux, 1992). deficit in mice with iRap1 might be due to poor vision, motor coordination, motivation, or procedural learning, For contextual and cued conditioning, mice were trained with one CS/US pairing as described previously we tested naive mice on a visible platform task in which mice learned to associate a distinct visible cue (a small (Bourtchuladze et al., 1994) . text conditioning (wt (n ϭ 13), 38.8% Ϯ 7.6%; iRap1 (n ϭ 10), 37.4% Ϯ 6.7%, p ϭ 0.92) or cued conditioning (wt wt, 16.5 Ϯ 0.6 s; iRap1, 16.7 Ϯ 0.8 s, p ϭ 0.80, data not shown). Taken together, the water maze experiments (n ϭ 12), 43.3% Ϯ 6.1%; iRap1 (n ϭ 9), 44.5% Ϯ 3.7%; p ϭ 0.87; data not shown). reveal that iRap1 mutation specifically impairs spatial memory but not visual acuity, motivation to escape from
The hippocampus is believed to be required for the formation of a polymodal representation of the cues the water, or motor coordination.
To rule out the possibility that spatial memory deficits present in the training environment, which is then associated with the US. However, recent studies using anain mice with iRap1 are due to abnormal development, we compared the performance of wild-type and iRap1 tomical and genetic lesion techniques (Frankland et al., 1998; Logue et al., 1997; Maren and Fanselow, 1997; mice fed with doxycycline 10 days before the beginning of training. Figure 7D shows that the Dox-treated iRap1
Phillips and LeDoux, 1992) indicate that under certain conditions, contextual conditioning may be supported transgenic mice were significantly better than doxycycine-free iRap1 mice, but not different from control mice by nonhippocampal systems and that context discrimination, a more difficult task, may be more sensitive to in latencies to reach the platform (p Ͻ 0.01). Similarly, during the probe trial, Dox-fed iRap1 mice searched detect hippocampal-related learning impairments. To test memory for context discrimination, mice were selectively in the training quadrant and crossed the exact site of the platform similarly to wild-type mice, while trained in two contexts as described in the method section. Freezing was assessed 24 hr after initial training iRap1 mice did not ( Figure 7E ; wt/Dox [control], 47.5% Ϯ 6.4%; iRap1/Dox, 37.8% Ϯ 4.7%, p ϭ 0.20; iRap1, in Chamber A (paired with shock) and Chamber B (not paired with shock). As Figure 7H shows, context discrim-27.4% Ϯ 2.6%, p Ͻ 0.01; Figure 7F is not required for cued or contextual fear conditioning, tions. In the hippocampus, it is required for spatial membut it is necessary for discrimination between two similar ory (Selcher et al., 1999) ; in the insular cortex, for condicontexts, a task that is known to be more sensitive to tioned taste aversion (Berman et al., 2000) ; and in hippocampal lesions. These findings indicate that Rap1 amygdala, for fear conditioning (Schafe et al., 2000) . In is essential for the memory function of the hippocampus spite of ubiquitous requirements for p42/44MAPK, the and is not required in the amygdala. molecular pathways recruiting this kinase may be different in different brain regions. To determine how Rap1 signaling affects the functional interaction between the Discussion amygdala and hippocampus, we tested mice using fear conditioning, where animals learn to fear a new environOne of the major insights to emerge from the study of genetically modified mice is that LTP is not a unitary ment or an emotionally neutral conditioned stimulus (CS), such as a tone, because of its temporal association process but takes a variety of different molecular forms ( hippocampi from one brain were homogenized in 1 ml of 10 mM HEPES (pH 7.3), 0.3 M sucrose, 1 mM PMSF, 10 mg/ml aprotinin, 0.2 mg/ ml leupeptin, and 1.5 mM sodium orthovanadate in a glass-Teflon Transgenic Mice The 2.9 kb Not1 fragment from pMM400N17Rap1B plasmid was homogenizer. The homogenate was centrifuged at 800 ϫ g at 4ЊC for 10 min. The 800 g pellet (P1) was discarded and the supernatant (S1) isolated using Elutrap (Schleicher & Shull) and injected into the was recentrifuged at 10,200 ϫ g for 10 min. The resulting pellet (P2)
